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ABgTRACT

The design of an attitude control syste_ for an earth-sun oriented satellite
is presented. _he attitude control system is intended for use on the Orbiting

Geophysical Observatories being developed by Space Technology Laboratories, Inc.

under Contract NA85-899 with the NASA3 Goddard Space Flight Center. The attitude

control system maintains one body axi-s of the satellite in alignment _th local
vertical and utilizes the angular orientation of the satellite body about locaJ

vertical together with a single degree of freedom solar array to maintain the
solar cells perpendicular to the sun's rays. The control law required to
accomplish this orientation and the implication of this control law on the

control equipment design are presented. All components of the attitude control
system are in an advanced state of development and the performance of these
components is discussed.

The satellite attitude is controlled so that a body fixed axis is pointed

toward the center Of the earth. SimultaneouSly, the sa_ellite attitude about :
the local vertical is controlled so that a second boclyaxis is perpendicular
to the sun's rays. The solar array rotates about this second body axis and
thereby provides the fourth degree of freedom necessary to simultaneously

position the solar arrayperpendicular to the sun's rays while maintaining
orientation relative to the earth's center. These simulata_eous ixrlnting

requirements place response requirements On the attitude control system.

However, the design of the attitude control system is relatively independent
of control law considerations once the speed of resl_mse dictated by the

control law is met. The control law presented is easily implemented.

The coutrol cc_ponents which comprise the attitude Control system are
described in detail. Error signals are generated by ea_a edge tracking

scanners and a sun sensor. These error signals control the satellite by a

combination of reaction wheels and constant thrust gas Jets. In order to

simplify the control system components to the greatest extent possible, on-

off control of both the reaction wheels and the gas Jets is utilized.

Consistent with the concept of on-off control, magnetic amplifiers are

utilized with the atte_daut incre,ase in system reliability at only min^r

increase in total system weight. The mechanical solar array drive also

operates in on-off fashion and utilizes a wabble drive which allows all high
speed gearing and bearing stages to be hermetically sealed.
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i° INTRODUCTION

The operation of a communication satellite is greatly enhanced by

controlling the attitude of the satellite so that a c_unicatio_s antenna

can be pointed toward the earth. A further requirememt on attitude control

is imposed by the desire to orient a collection array toward the sun to

produce electrical power. _is paper describes the design and mechanization

of a control system which satisfies these earth-sun pointing requirements.

Since these orientation requirements ai_o occur in the design of scientific

satellites, the numerical exsaples pre_ented in this paper are taken from a

scientific satellite currently under construction at _ce Technology

Laboratories, Inc. 'A_aissatellite, whiah is called the Orbiting Geophysical

Observatory (OGO)2 is designed to operate in a wade variety of orbits including

low altitude circular and highly eccentric orbits. The attitude control

system for this satellite points one face of the satellite at the earth and

orients flat solar cell arrays toward the sun. Simce the OGO satellite must

satisfy for a large variety of orbits the general ccmnun'Lcatic_ satellite

attitude control requirements, a description of the OGO attitude control

system is instructive whau comsidering the design of a commumication _atellite

com_rol system.

Section 2 of this paper describes the _oimtimg requirements mathematically

and deduces _ these pointing re%uirements a satellite control law which

satisfies the simultaneous earth-sun orientations. In Section 3_ the mechani-

zation of this control law is discussed, and Section 4 is devoted to a

descript@on of the equil3nent used for control. In the design of the 0@0

control system, emphasis has been placed on utilizatic_ of techniques to

enhance system reliability. For this reason, the basic OC_ control system is

nonlinear of the off-on or bang-bang type. _his mode of control is particularly

adapted to magnetic m_lifiers, aud these c®ponents are used for the main

power mplification required. Other portions of the control system include an

infrared edge tracking horizc_ scanne_, sun sensors, reaction wheel_, and
g

gas Jets.

i
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2. PEPFOP_I_NCE REQUIEE_ENTS

The function of the attitude control system is to keep one axis of the

vehicle aligned at all times with the loc_l vertical j while simultaneously

maintaining a second axis (the solar array _,_b _ pe._pendlcular to the sun'S
1,2

rays. Thus a planar array of solar cells can-b_ rotated about the solar

array axi3 for maximum energy collection. In this _ection the ideal control

laws for this orientation are derlved_ and their effect upon system perf6rmsmce

is discussed.

2ol Coordinate S_stems

Refer to Figure 1 for a definition of coordinate systems. In this

figure the orbit plane is the X-Z p.""'ewith orbital rate directed along the

Y axis. The location of the Z axis is chosen such that a unit vector from

the center of the earth to the Sun (Ms) lies in the Y-Z plane. The satellite

anomaly is measured frc_ the Z axis and is denoted by _ as shown. The Xr, Yr' Zr

system is obtained from the Yj Y, Z system by means of this rotation through c_.

G is the angle between Y sad _s"

The bod_v coordinate system is defined in Figure 2. It is de_ved

from the Xr Yr Zr system by the ordered rotations W, @, and _ about Zr, YZ

and _ respectively as pictured in Figure 3.

2.2 Ideal Control Laws

In terms of the coordinate systems previously defined, the ideal

pitch and roll control laws can be stated quite simply as

_=9--0

Given ideal pitch and roll control, the idea& yaw control law can

be obtained by equating the component of _s which lies along the _ axis to O.

This yields:

-- =t'l (tan sin

Given ideal pitch_ roll t and yaw control, the ideal array angle can

be derived in a similar fashion and is

= :sin'l(sincosG)
L "-

i Superscripts refer to references in the bibliography.
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A plot of _i versus _ is given in Figure 4 with _ as a psrameter,

and a plot of _ai versus _ is given in Figure 5.

Given ideal attitude control, the C_l_onen_ of angular velocity

along the X body axis, _xb I is given by

f

-- %b :a sin

.._. the component of angular velocity along the Y body axis, myb is gfvon by

.: %b = & CO_ Vi , -- :

J""" the ccmpone_% ,3fangular velocity along the Z body axis i_ glvem by

s

.. i- simZ_ cosZ_

and the ideal an&c_larvelocity of the selar arrsy with rel,pect to the body is

given by

sin

L 1 2]½
I_- COS

2.3 Design Constraints

As indicated in the previous e_uations, the most stringent attitude

control requirements are imposed when _ = 90° and _ = O. This condit_c_ ocm_rs

when the earth, satellite and sun are directly in line and is termed the "noon"

conditior_ At this time, the nominal values of yaw rate, yaw acceleration, -._

pitch acceleration t and roll acceleration are all infinite. 3 Obviously the

vehicle cannot be designed to perfor_ this maneuver exactly.
f,

_' A comparison cou-dition to the nosy region is eclipse of the sun by

I the earth. Upon entering am eclipse the yaw reference and the solar array

iI reference are lost. Dpoa emerging frem eclipse, the vehicle cam, in ge_ueral,
have any yaw positiea along with a large error in array sagle. Therefore,

_. to follow the i_eal control law upon emergence from eclipse would again require

6
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i

infinite yaw and _rray rates and accelerations and infinite pitch and roll

accelerations. If the control law is to be implemented, it is ther_fore

necessary to allow yaw and solar array errors during the noon _egion and

after an eclipse. Numerical values of the allo_able error can be established

by considering the degradation in power supply output due to array misalign-

ment, and, for the OGO, temperature control considerations which dictate that

the vehicle sides should not be exposed to solar radiation. For OGO, iO

minutes is allowed for _w and array attitude recapture.

Although other considerations such as required pointing accuracy,

magnitude of disturbance torques and initial attitude acquisition require-

meritsm_y affect the required attitude control system dxnsmic performance;

for a wide variety of orbits including the 24 hr synchronous 3 these are
:

completely overshadowed by the noon and _ost eclipse requlrements. For the

OGO, which possesses a yaw mQment of inertia of 800 slug ft2, the noon turn

requires a yaw control torque of greater than iO ir_.oz.and since this torque

is generated by a reaction wheel, a wheel mumentum storage capability of

7.5 lb. ft.sec. Furthermore during this ya,_turn, the pitch and roll reaction

wheals must interchange momenta requiring a torque of 6.5 in.oz,frun the

drive motors. The remaining gross parsmeters of the control system sizing

are determined by distu_ce torque considerations. Three disturbance torques

are present; n_ely, solar radiatiom pressure, gravity gradient effects, and 3

for low altitude, aerodynamic moments. (Magnetic effects have been minimized

in OGO. ) _aese disturbances are adequately described elsewhere2and can be

numerically imtegratea to determine the secular and cyclical components of

momentum impar+ed to the satellite. _xis imformation is used to size the

pitch and roll wheels which for OGO cam absorb 1.5 ftolb.Secoof momentum.

The secular component sizes the mass expulsion system.

8
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3. FUN_IONAL DESCRIPTION

3.1 Torque Sources

Body control torques are provided by a three axis pneumatic system,

and a three axis reaction _,heel system. The two systems are operated in

parallel as will be discussed in Section 3.3.

The pneunatic system is capable of providing a constant torque of

either positive or negative sign about each of the three bod_y axes. The

system is used for initial orientation of the vehicle (acquisition)and to

subsequently remove momentu_ resulting from secular disturbance torques o

Three reaction wheel systems are likewise provided_ with the spin

axis of each aligned with one of the three bo_y axes. Reaction wheels are

used to perform maneuvers required by the control laws discussed under

Section 2. These maneuvers are cyclic over a period of one orbit. In addition,

the reaction wheels provide temporary storage of momentum resulting from

torques whi2h are cyclic in inertial space3 and also provide the fine control

necessary to eliminate gas Jet limit cycles,

3.2 Error Sensors

A system of horizon scanners is used to provide an indication of the

deviation of _ from local vertical abcut two axes (pitch and roll axes)

during the normal control mode of operation. The scanners will operate at

: altitudes from approximately 125 nautical miles to approximately i00,000

nautical miles.

Sun sensors provide an indication of the dovlation of Ya from

the sun. Again two axis information is provided which is used for control

during the acquisition mode of operation as well as the normal mode of

operation. The sun sensors are capable of providing this information through-

out a 4_ steradian field of view.

3.3 Me'_od of Coatrol

As mentioned previously (and as depicted in Figure 6_ the b!o_k

diagram of the attitude control _ystem) both the reaction _heels and the gas

Jets are driven in a non-lln:_ar_ on-o_f fashion by a system whi_chinclu.des a

dead zone and hysteresis. The reaction wheel and ga._Jet syst_ns of each channel

are operated in parallel_ using a common error signal and cummo_ shaping.

Shaping required for _tability is provided by passive lead lag networks.

9
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3.h Modes of O_eration

3.4.i Acquisition

Again referring to Figure 6, the acquisition mode of operation

is provided in order to initially stabilize the vehicle to the required

references. This will be acc_nplished given arbitrary initial angular position

with respect to these references_ and initial rates limited to l°/sec or less

about each of the three body axes. During this mode of operation the solar

array is electrically caged in a position where _a = O, that is Ya is in the

direction of Yb" The first step of the acqu_sit_ov mode results in the

alignment of this axis towards the sun, end the establishment of a fixed bc_y

rate about this axis. As a result of this orlentation3 ma_m_ efflc/ency of

solar power conversion nLs attalned_ an_ sun light is prevented frQm stxiking

the satellite sides. In addition, as _ result of rotation about the sun line,

the field of view of the horizon scanners is _wept through space and must

eventually intersect the earth. When this intersection occurs, the acquisition

mode of operation is terminated.

The control sys_m_ configuration for this mode of operation

"_es the yaw sun sensor output as the error signal to the 7_.w _aannel. Thiz

signal drives the gas and reactS.onwheel system for this channel. The array

sL_ sensor output is used.to control the roll axis in a similar fashion# and

the tch axis gas and reaction wheel systems a._edriven by mesonsof a rate

gyro which has an output biased to al_proximately ½ deg/sec. With this control

system configuration, the solar reference will be acquired in less than

• 10 minutes, and the vehicle will belim searchi_ for the earth.

3.4.2 Normal Control

After the sun acquisitioa mode is completed and the field of

view of the horizon scanners intersects the earth in such a fashion that a

proper error signal is obtained, the control system configuration is swi4:ched

to the normal mode of operation. In less than lO minutes all trau_ients are

d_cayed and the s_tem is stabilized to the normal mode _un end ea_fahreferences.

The control system configuration at this time is as follows. _e yaw sun

sensor is a_iil used to drive the yaw reaction wheel chaunel_ ho-_ever3 the yaw

pne_natic system is disabled. The roll and pitch outputs of the horizon scanner

system ar_ used to drive the roll and pitch control channel, respectively.

Both pneumatic and the reaction wheel systems are operative. The solar array

drive system is driven by the error si_w_l from the solar array sun sensor.

Barring a malfunction the system remains in this configuration for its entire life.

11
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4. _ _D._AR£ DESCRIPTION

• 4.1 i_si_ql_°hiloso_h[and Reliability

The reliability of a communication satellite attitude control system

is of paramount importance for obvious reasons. The usual method of predicting

the potential reliability of a circuit when no life test data are available is

_ _,.:, co'trotand _aching to each type of c_mponent a failure rate that

has been established from previous experience. This method of assessing

reliability naturally presumes good circuit design, use of the best available

components conservatively derated, tight quality control and appropriate

packagi .g for the anticipated env_mient, qhe degrading effect on the

reliability by the sheer number of components was immediately apparent, and

the philosophy of using a bare minimum of components to do the job was adopted°

In several instances, it was recognized that a significant simplification in

the hardware could be realized if the control system could be operated in a

different mode or with slightly less pointing accuracy. The ensuing anal)_bical

work to dete_ine whether the proposed changes would be permissable substantially

complicated the control system analysis; but the resulting simplification in.

the hardware has Justified the effort. _ne most striking example of this is

the on-off or bang-bang operation of the reaction wheel motors and solar array

motor. The ease of controlling a motor in an on-off manner as opposed to

maintaining a speed proportional to the error signal amplitude is readily

apparent. Consistent with the minimum parts approach, magnetic amplifiers were

selected for most of the amplification functions due to the relatively small

number of components required to obtain a given amount of gain as compared to

using transistor circuits. The low frequency response of the magnetic amplifier

was acceptable for this application. Magnetic amplifiers are in general

'. heavier and dissipate more po_er than a transistor circuit capable of comparable

i performance; however, for this application, the reliability advantage ou±.weighe-_

I these disadvmmtages.
!

i Another concession to reliability has b.en the elimination of all

" variable components such as potentinmeters. :._ereadjustments in i_di__dual

: circuits are required, the exact value of resistance or capacitance is determined

i with substitution boxes, and a fixed component of nearest value is inserted.

i
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4.2 Reference Sensors

The references used by the attitude control system are the earth

and the sun. Four infrared-sensitive horizon scanners track the earth-

space IR edge at 90o intervals. Signals from any three of the scanners,

appropriately summed3 are sufficient to develop pitch and roll error signals°

The other scanner is redundant and its signal is automatically switched into

the control loop whenever a detectable failure occurs in any of the _ther

scanners. The horizon scanner is manufactured by the Advanced Technology

Laboratories.

The sun sensor system is cc_posed of fine and course sensors. The

fine sensor is a silicon p-n Junction device that has three outputs; two

orthogonal position outputs which are dc voltages proportional to the image

position on the silicon wafer, and one signal that has an output whenever the

wafer is illuminated. In the no_l control mode, one of the position signals

is used for controlling the vehicle in the yaw axis while the other position

signal is used by the solar array drive circuit to position the solar array

plane normal to the incident solar radiati_. The third signal is used Cn

drive a relay that switches the control inputs between fine and coarse sensors.

Fin hole optics are employed to image the sun on the wafer. 'Thewafer is

called a Radiation Tracking Transducer (_iT)Sand manufactured by Electro-

Optical Systems, Inc.

The R_T thus provides position information within a 17° half angle cone

about the array normal. The remainder of the 4_ steradian coverage is

supplied by the coarse cell_ mounted at the ends of the solar panels _ The

coarse cells are conventional solar cells that have been preirradiated to

stabilize their characteristics. The cells used to control the array are

redunds_it to assure signal continuity when an appendage shadows one of ±-hems

4.3 Linear Ampliflcation and Sha_in_

The sun sensor signals are amplified by low-level second harmonic

magnetic amplifiers with a total transimpedance greater than l06 ohms, and

have four control windings, which simplifies the signal s_nming an@ isolation

problem. Relatively large negative feed b_ck is employed for adjusting and

stabilizing the gain and null.

i3
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The control system stability is achieved with signal shaping by the

use of R-C lead-lag networks° The rather large lead time constants (_ 50 seconds

in the yaw channel and _ 12 seconds in the pitch and roll channel) dictated

the use of non-polarized solid tantalum capacitors fr_ size and welght

considerations. Environmental testing of these net_orks indicates t.hatit i's-

feasible to employ tantalum capacitors as long as generous tolerances are

allowable.

The amplified and demodulated pitch and roll error signals frc_ the

horizon scanner have enough power to drive the shaping ne+.works directly°

The signals in all three channels are heavily attenuated by their respective

networks 3 and are again amplified by second harmonic magnetic amplifiers°

. 4.4 Signal Level Detection

After the second stage of linear amplification, the system is bang-

bang to the torque sources. Bistable magnetic amplifiers are used to d_tect

the various signal levels_ and are "on" for any level above the trigger point

and "Off" for any level less than the trigger point, with a hysteresis of about

20% of the trip point for the motors and about 10% for the cold gas valve

drivers. The basic bistable magnetic amplifiers trigger "on" at 50 _a signal

(+ 5%) and go "off" when the signal is reduced to 40 _a. The reaction wheel

channel gains are.adjusted such that the trigger points correspond to + 0°4°

vehicle attitude error in pitch and roll and + 1.O° in yaw. The controli

windings of the gas valve bistable magnetic amplii__ers are in series with the

control windings of the motor driver blstable_ but the bias current in the

former is increased by an external resistor in order that the gas valve

bistable amplifiers do not trigger "on" until the error signal is a nominal

125 Ma. The gas trigger points are nominally set at + io0° in pitch and roll

and + 2.5° in yaw.

The level detector magnetic amplifier uses diodes in a parallel

series quad connection to improve the reliability of the device.

4°5 Motor Switchin_

The three reaction wheel motors and the array drive motor are all

two phase devices. The motor supply is two phase; one A_mse used to excite

the reference winding and the other phase(+ 90° with respect to the reference

phase) is used to excite the control winding. If clockwise torque is required_

14
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the control winding is connected to the + 90° output 3 and the - 90° output is

used for counter-clockwise torque. When the error signals are in the deadband

and no motor torque is needed_ both the control and reference windings are

disconnected from the supply. The reference windings are disconnected not

only to conserve power but to eliminate the d_namic braking effect that is

undesirable in the reaction wheels.

Double-connected magnetic amplifiers are used as series ac switches

to control the motor excitation. Redundant diodes are again employed for the

sake of reliability. These motor drfve magnetic amplifiers are not bistable
.f

by themselves but are driven by the bistable amplifiers well into saturation

and far into cutoff. The use of magnetic amplifiers in the motor switching

application is the greatest concession to reliability in the control system

since semiconductors .;remuch lighter and more efficient.

The array drive motor is controlled by the same type of ampllfler

but connected Jomewhat differently. Only the control winding is directly

tuzned on by the error signal; the reference winding is subsequently turned

on by rectifying and filtering part of the control winding output. When the

driving bistable snaps to the "off" state, the motor control winding follows

almost:i_mediately while the reference winding remains energized until the low

pass filter dischargeS, and this lag provides dynamic braking long enough to

limit the overshoot. The difference between charge and discharge time constants

permits the motor to respond to an "on" signal very fast. Dynamic braking of

the array motor Js desirable because there is no lead-lag stabilizing network

in the signal path.

All sc power in the control system is square wave, including the low

level magnetic amplifier excitation.

4.6 Reaction _eels

As mentioned previously, the reaction wheels are two phase motors

a_.d_have induction motor speed-torque characteristics. The devlcesare "inside _-

out" motors with the stator windings inside and the rotor containing the

•squirrel cage windings outside. This construction allows the maxim_ rotor

D1&.cnt of inerti& for :_given case size. The entire assembly is hermetically

se_lcd and pressurized to about one half atmosphere as a compromise between -

_lindage power losses and be_rlng lubricant retention.

15
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A permanent magnet pulse tachometer is us_ _ to telemeter _heel speed

and direction of rotation..Both the amplitude and frequehcy of the pulses "

: vary with speed, and the polarity of the pulse indicates direction of rotation..

The frequency of the pulses is used to develop an analog voltage proportional

to speed.

It should be emphasized that the tachometers are not used in the

control loop. An electrical failure in the tachometer or signal conditioning

circuitry will only result in loss of data and not affect the control systel,

operation.

The reaction wheels are manufactured by the Bendix Corporation.

•4.7 Pneumatic Subs_ste_

: The gas (Argon) is stored in a spherical tank at an initial pressure

of about 3,000 psi. A pressure regulator maintains the low pressure,manifold

at about 50 psi3 and contains filters and a relief valve. The low pressure

gas is piped to the six solenoid vaives, also containing filters 3 and the

discharge of the valves are through tubes out the gas booms to nozzles where

0.05 _ounds of force is generated per nozzle. Between each solenoid valveand

its respective nozzle a non in-line press_ye s_Itch is plumbed in to provide

telemetry with gas usage data. Since the _duration of the gas pulse in normal

control is shorter than the telemetry samplin_ period, fllp flops are'used to

store _the information until interrogated by telemetry. Also telemetered %re

the high and lo_ gas pressures as well as the gas bottle temperature. From

these data it is possible to determine the amount of remaining gas. The tank

is filled through a manually operated valve when the-vehicle is on stand.

The solenoid valves_are energized directly from the vehicle battery

supply (nominal 28V) and co_trolled by Series po_er silicon transistors.

The transistor switches are normally biased off and turned on by the gas

bistable level detectors. The ya_ gas is not -usedsfter acquisition since it

is net required for normal control, anC gas consumption would be materially

increased because large _a_ error signals-are possible during the noon and .-

_st eclipse maneuvers.

c "
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4°8 A:r..ray .D_ve Me.ch__.erm

The array shaft is rotated by an electromechanical drive in ".which

an electric motor and gear train are coupled _o the array shs_t through a

hermetic seal. The output number of this drive is a large cone angle bevel

gear. This gear is held irrotationsl and is motmted in skew-axis bearings

so that it meshes with a mating gear at only one point on the pitch li_e.

The input gear is thus constrained to "wabble" as the skew-axis is _tated

about the output axis. The output gear is then smoothly and efficiently

• _ turmed by an s_ount equal to the amgl@ subtended by the dlfference in nt_ber

of teeth between the input qx,d output gear for each revolution of the-point

of mesh. A very large redu_.tion is thus gained in the output _b_le gears

(99:1).; The.dri'veis designed so that the arra_shaft is a le_'ge tube that

i. runs directly thro_ the drive. _ this shaft the wires i_ the

[ _ensors and solar cells are routed. : _

_ :. --- :_The prime mover for tMe drive mechanism is a specially_.. designed. ._.

size ii servo motor. The 'eve'rallgear _eduction frcm thg motor to the output• - " ,- • r

:.... shaft is 24,.000te i. _e unit is capable of _utput torques in excess of

_ o I00 inch - pounds.

.} ,:

Since n¢ slip rln_ _re u_edi a •cable wrap-up mechanism is necessary

to pay out.a_d-'takeim the .wireswithout fouling as the shaft array shaft _.

: rotates. The wrap. up mechanism requires a substa_tlal torque which makes

torque motorsunattractive for.thls application.

-i " -- array shai_. A S_eci.al"l_cake resolver is f_xed to the shal_t and vehicle'.

_ bod_r to prQ_lde tel_etry with s_ai_-angle data as 'we3.3. as ca_in_ the array

_- cluing, ac_uisitioa.

•, _ The pitgh rate,_ro is usedldurins the aCq_Uisition sequence to

_. _ . cause the vehicle .toslowly rotate a_oht-,-tBe _tch axis _h_ch will ult_l_.. _ " "

! _ enable the horizon scaane_ headS to see the eLrt_'. _he _,_te-_ is-. a " -

l _ t_mperature _cC_sated spring restralae_ devicewith a dc torquer .and a t_

t phase motor. A bias current is _ntroduced into the.torquer wA such .that _

"_ the-@_tpu_t6f the rate _ro causes the pi_ch gas system and re&ctic_ _heel tO
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signal is amplified by a conventional tra_sisto: smDllfier an_ d_mo_ulate_

with_ diode bridge domo_C_ator. Both the spin motor z_Lon d_tector

output and the demodulator output are _elemetere_. '

The gyro is started prior to launch au_ rc_ains on until acquisition

is conplete. At this time_ the gyro is turned off to conserve po_er a_d

minimize bearing _ear_ but is turned on _.gainin event of zos_ of attitude

_ference.

: 2

,2-

.. -s - :,

5

0 . . - . - :. ,,s" -

,._,

'" -" ,_ " _--'_- -- "_',_ __6__ i

.q

• • _ _ . .. . , . ,_ _,•_,r_¥] _.

] 9650733 ] 5-022



• f

BIBLIOGRAPHY

1. "Attitude Control of a Satellit_ Vehicle - An Outline of the Problems."

Presented at 8th IntentiOnal Astronautical Cc_ress (Amsterdam= 1958);

_e_. vi_ua: spriuser-verlag, 1959.

2. 2313-0001-RU-000, "Design of Attitude Control Systems for Earth Satellites s"

R. K. _itford, 30 June 1961.

3- "Design Considerations of Inertia Wheel Systems for Attitude Control of

Satellite Vehicles," Presented at Joint Automatic Control Conference
(Boulder, Colorado- June 1961), R. E. Mortensen, June 1961. "'.

4. "Reaction Wheel Attitude Cx_atrol System for Space Vehicles1': Presented
at t_e IRE National AutcBstic Control- Conference (Dallas, Texas: Nov 1959),

R- Froelich aud H. Patapoff.

5- "Radiation Tracking Transducer," Final En_neering Report E.O.S. Report 100
Final; Part B, J. WlnsYov, P. Foote, L. Elmore_ 15 November 1960.

-" T

u

t 19 -.
f,.- i
_; _ _.>.. _'_-_: .... ......... : . .': _

"19650733"15-023


